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ABSTRACT

A velocity feedback< controller for the brusniess DC

motor was designed using the Hall effect sensors. :n

ad d itLio n, the position control. of the brusniess DC motor

was developed using an optical encoder to sense 3nguiar

position changes and a microprocessor to provide the desired J

position control. A Pittman 5111 wdg #11 brusnless DC motor

was used for this study. The design of rne~digital tachometer

and pulse width modulator for velocity control and tine

design of the Z-80 based microprocessor controller and

software design are described in detail. '

QU MLITY
INSPECTA

IN

AcCrsjoo For
NT IS CRAMI

14CTAB
U;d O ed

........................ .

By............................. .............

AMail arc Of

ii sp Cl..

or 3



TABLE OF CONTENTS 4...

I. INTRODUCTION . . . . . . . . . . . . . . . . . . .11

II. CONSTRUCTION AND OPERATION OF BRUSHLESS
DC MOTORS ..................... 15

A. CONSTRUCTION OF BRUSHLESS DC MOTORS.. . . . . .15

B. ELECTRONIC COMMUTATION AND DRIVE ....... 17
,". .4

C. FOUR-PHASE DELTA BRUSHLESS DC MOTOR ... ...... 21

D. ADVANTAGES AND DISADVANTAGES OF THE
BRUSHLESS DC MOTOR ............... .25 ...

III. VELOCITY CONTROL OF THE BRUSHLESS DC MOTOR . . .".27

A. GENERAL ......... .................... 27

B. DESIGN OF THE DIGITAL TACHOMETER FOR
VELOCITY CONTROL SYSTEM ............ 30

- C. PULSE WIDTH MODULATOR ............ ... 34

IV. SYSTEM TESTING AND DATA COLLECTION FOR
VELOCITY CONTROL SYSTEM .............. 39

A. GENERAL .......... ................... 39

B. OPEN LOOP VELOCITY CONTROL ............ ......... 40

C. CLOSED LOOP VELOCITY CONTROL .. ..... . ... 43

D. TRANSFER FUNCTION MEASURE AND SIMULATION -"

STUDIES ......... .................... .4

V. POSITION CONTROL OF THE DC MOTOR WITH

MICRQ.PROCESSOR CONTROL.. ........... . 58

A. GENERAL .............................. 58

B. MICROPROCESSOR CONTROL OF DC MOTORS ......... 58

C. INCREMENTAL OPTICAL ENCODER ..... .......... 59
W

D. MICROCOMPUTER SYSTEM ............ .62

E. SOFTWARE DESIGN............ .... 65-

4.%.',-::-

- . %.,.4



VI. SYSTEM TESTING AND DATA COLLECTION FOR
POSITION CONTROL SYSTEM .............. 70

A. GENERAL....................70

B. SYSTEM CALIBRATION..............71

C. CLOSED LOOP POSITION CONTROL ......... 71

VII. SUMMARY AND CONCLUSION..............76

A. REMARKS AND CONCL'JSIONS ............. 76

B . RECOMMENDATIONS FOR FURTHER STUDIES. ......77

APPENDIX A: RATING AND SPECIFICATIONS FOR MOTOR . . . .30

APPENDIX B: THE DAC CALIBRATION FOR VELOCITY CONTROL
SYSTEM...................31

APPENDIX C: ARTWORK OF THE DIGITAL TACHOMETER ANDIPULSE WIDTH MODULATOR CIRCUIT. ...... 32

APPENDIX D: THE DAC CALIBRATION FOR POSITION CONTROL .
SYSTEM . . . . . . . . . . . . . . . . . .8

APPENDIX E: CHARACTERISTICS OF THE OPTICAL
4INCREMENTAL ENCODER ............. 35

APPENDIX F: MC 68661B OPERATION AND PROGRAMMING . . .87

APPENDIX G: IN4TEL 8255A OPERATION AND PROGRAMMING .. 39

APPENDIX H: MAIN PROGRAM...............91

LIST OF REFERENCES....................101

INITIAL DISTRIBUTION LIST................102



'ft

ft.

LIST OF TABLES

* 
~'ftlft

TABLE 4. 1. FREQUENCY RESPONSE WITH MAGNITUDE -

AND PHASE......................................I
TABLE 6.1. COUNTS AND ANGULAR POSITIONS..................74

AkI
ft.-.

ft,.,.

I
ft.

ft.

'ftI
ft.

ft~

(ft

* 
~ft P

'ft

I,
6

p 
ft.. ft.'

p 
ft. 'ft

1 
"ft \p
'ft %%3 

ft.

ft-ft... ft... ft ft ..-.. ft...ft*.ft-..

____ .ft ft. ft. ft~ *~~-.' ftft ft~ %~ft~ ft ft ft



.. o-

LIST OF FIGURES

Figure 2.1. Cut-Away View of Conventional DC '.otor
Assembly .1. ............. . .

Figure 2.2. Cut-Away View of Brusniess DC Motor
Assembly ......................... 1

Figure 2.3. Essential Parts of a Conventional DC
Motor ......... ................. 13

Figure 2.4. Essential Parts of a Brusnless DC Motor .1-

Figure 2.5. A Three-Phase, Half Wave Brushless DC Aotor
Controller ....... ................ 20 _-

Figure 2.6. Two-Phase Brushless DC Motor....... 22

Figure 2.7. Four-Phase Commutation Circuit . . .... 24

Figure 2.8. Four-Phase Logic Control ........... . ,25

Figure 3.1. Block Diagram of the Velocity Control • h-

System .............................

Figure 3.2. Position of the Hall Effect Sensors . . .29

Figure 3.3. Flux in the Air Gap and Output Voltare
Wave Forms for Hail Effect Sensors . . . .29

Figure 3.4. One Channel Output of Hall Sensor . . .31

Figure 3.5. Circuit Diagram of Digital Tachometer .32

Figure 3.6. Output of tne Flip Flop ........... 33

Figure 3.7. Output of the Multivibrator .. ....... .33

Figure 3.8. Digital to Analog Conversion .. ....... .34

Figure 3.9. Pulse ',idth Modulator ... .......... .35

Figure 3.10. Error and Dither Signal .... ......... 36

Figure 3.11. Circuit Diagram of the Pulse ,4idtn
Modulator. .. . . . . . . . . .. . .37

Figure 3.12. Circuit Diagram of the Digital Tachometer
and Pulse Width Modulator .... ........ 33

7

!!-.-,.2



T. 7 -: T . ..M. .-

Figure 4.1. Blocl Diagram of the Velocity ControlS. .

System ........ .................. 39

Figure 4.2. Hall Sensor Output of the Motor
for 3750 RPM ...... ............... .41

Figure 4.3. Pulse Width ModuiaCed Signal
for 3750 RPM ............... 42

Figure 4.4. Hall Sensor Output of the Motor
for 3260 RPM ...... ............... .42

Figure 4.5. Pulse Width Modulated Signal
for 3260 RPM .4. . . . . . . . . . 4fo 20RP.......................431..-

Figure 4.6. Dither Signal ....... .......... . 44

Figure 4.7. Hall Sensor Output of the Motor
for 1275 RPM ...... ............... .45 --

Figure 4.8. Pulse Width Modulated Signal
for 1275 RPM ............. .. 45

Figure 4.9. Pulse Width Modulated Signal with
External Force on the Shaft Motor . . . . 4o

Figure 4.10. Closed Loop System with Spectrum
Analyzer ....... ................ 47

Fig4re 4.1ia. Open Loop Frequency Response of the System.
with Magnitude Curve ........... 47

L-'.

Figure 4.11o. Open Loop Frequency Response of the Systejz -. .*

with Phase Curve ..... ............. 4"

Figure 4.12. Bode Plot of the System.53."".5

Figure 4.13. Frequency Response of the System .4. ...

Figure 4.14. Transient Response of the System
from Computer Simulation . . . . . . . . .55-

Figure 4.15. Open Loop Transient Response of tne
System from the Strip Chart ...... . .- 56

Figure 4.16. Closed Loop Transient Response of the .
System from the Strip Chart ....... C

Figure 4.17. Closed Loop Transient Response of the-
System from Storage Oscilloscope .5. .... 7

o-

Figure 5.1. Position Control Systen . . . . . . . . .59 2-

3

-:1S~~ 
-. o . ...

:..--: ... *. .'~ ~ 5• o - o-



*Figure 5.2. Direction Sensor............... 6

Figure 5.3. Incremental Optical Encoder ..... ,

Figure 5.'4a. Encoder Channel Outputs for C.1 Rotation .33

Figure 5.4b. Encoder Channel Outputs for CCW' Rotation .63

Figure 5.5. Microcomputer Systen. . ........... 4

IFigure 5.6. Circuit Diagram of cr~e M~icroprocessor .33

Figure 5.7. Flow Chart of the Main Pro ram .... .. . . .o

Figure 6.1. CRT Terminal Menu for Program Options .. 72

IFigure 6.2. CRT Terminal M,.enu for Calibration of
System...................73

Figure 6.3. CRT Terminal M4enu for Position Control . .73

Figure 6L.4. Block Diagram of the Position -

Control System .............. 75

Fig;ure 6.5. Curve Following Block...........75



A C K NO4 LED G EN NT

IIw.4sh to express mny deepest thank<s to Dr. Oeorge

Thaler for hiis confidence and guidance which contributed to

the completion of this thesis. I would also li;4e to express

I my gyratitude to my wife, Candi, for her loving support as

well as rier typing and editing abilIi t ies.

%p-



.0-:

i. 4TRODUCTIOJ

In recent years, the brushless DC motor nas found more

applications because of its many advan.ages Tt offers lon.

operational life, it eliinnates brushwear particies and arcin ,.

and it is adaptaole to spacecraft requirements.

As -iore specialized needs become obvious, tne lersa':i-..

of the brushless DC motor in applications o control 3yse-s

was discovered and developed.

Tne brushiess DC motor is mainly an inside out ver.'on

of the conventional DC motor. The rotor consists of oermanent

magnets and the windings are in tne stator. Besides tn-ts,

the areas where the conventional DC motor and brusnless DC

motor differ are in the commutation processes and tne

amplifier design. The commutation of the conveniona 

DC h.otor is done by a mecanical commutator and orusnes.

On the other hand, the commutation of the brusnmess DC

motor is performed by semiconductor switching elements,

usually transistors. The inductive switching energy 1s .

dissipated tnrough a diode path whicn allows the current to

decline in a controlled fashion.

The commutation sensor system for brushiess DC ..ozors

is required to control the lo~ic functions of tne controller

to maintain current to the proper coils in tne szaror.

Hall effect sensors and optical incremental encoder sensors

\* -',<

.5.
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are the most commonly used methods for the angular position

sensing system.

The Hall effect sensing system is based on sensors

which are usually placed in the stator structure to sense

the polarity and magnitude of the permanent magnet field in

the air gap. 'f .

The optical increment encoder provides a pulse for eac,

increment of angular resolution. It is most commonly a

combination of light-emitting diode (LED), rotating disk,

mask and phototransistor.

The Pittman 5111 Wdg #1 brushiess DC motor and four-onase

drives were used for this study. One motor had a Hall sensor %

and another motor had a Hall sensor and an optical incrementa"

encoder as well.

The velocity control of the system was designed oy using

the -fact that the Hall sensor gives two pulses per revolution

for a four pole motor. By counting the intervals between

each revolution, the digital speed can be obtained. "Iitn

this idea in mind, a digital tachometer was designed. The

speed command was given by dip switches and converted to

the analog signal. The digital speed which was obtained

from the digital tacnometer was converted to an analog

signal with a Digital to Analog Converter (DAC). 1%

The Pittman four-phase drive accepts four inputs. Two

of them are the logic signals from the Hall effect sensors.

One of the inputs is the direction command. The otner

5 12

1%
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input is used for on-off control of tne motor which is a

convenient logic input to apply a pulse width modulation

signal for speed and torque control. Keeping this feature .•-.

in mind, the pulse widtn modulator was designed. :.'k P'."

In recent years microprocessor systems have been useful

tools with many applications. These involve the use of the

brushiess DC motor, and te microprocessor conro of tse

brushless DC motor. Of its many features one of the mos

important is the ease with which a system can be modified to

perform new functions. This can be easily done by writin..

a new software program. Assembly language or nigh level

languages such as Forth, Basic, Fortran, C, Pascal and Ada

can be used for programming and can be downloaded to tne

EPROM.

The microprocessor controller was designed by using a

Z-80 control processor unit. Parallel interfacing was used -

to communicate with the outside world (the CRT terminal and

e %

pulse width modulator). Position commands were given from

the CRT terminal and the updated position of the motor was

observed from the terminal also. 'S.-

In Chapter Two the brushless DC motor is compared witi,,

conventional DC motors and drive circuits. The tnird chapter's

emphasis is on the velocity control of the brushless DC :'otor'

and the building of the digital tacnometer and pulse w-it-n

modulator. In Chapter Four testing and data collection of

the velocity control system are studied Tne positon

13
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control of the syster~ with tne microprocessor controller is

discussed in Chapter Five. Th Chapter Six testing and data
collection of the position control system are studied.
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II. CONSTRUCTION AND OPERATION OF BRUSHLESS DC MOTORS

A. CONSTRUCTION OF BRUSHLESS DC MOTORS
Brushless DC motors, unlike conventional DC motors nave

a permanent-magnet rotor and a multi-coil stator. It can be

said that the basic brushless DC motor is essentially an

"inside out" version of the conventional DC motor. A cut-away

" of a conventional DC motor is shown in Figure 2. 1 and an

equivalent version of a brushless DC motor is shown in Figure

2.2. Here we can see the permanent magnet rotor and a

multi-coil stator. .*

Figure 2.1. Cut-Away View of Conventional DC Motor Assembly.

p.-.-
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.1.1

PERMANENT- 'AGNET

ROTOR

Figure 2.2. Cut-Away View of Brushless DC Motor Assembly.

A significant difference can be seen in the winding ana

magnet locations. The conventional DC motor has the active

conductors in the slots of the rotor, and in contrast, tne 4

brushless DC motor has the active conductors in slots of the

stator. Since the windings are closer to the environment the

removal of the neat produced in the active windings is easier

in the brushless DC motor. The result is that the brushless

DC motor is a more stable mechanical device from a thermal

point of view.

Another basic difference from the conventional DC motor

is the commutation process. The commutation of the conven-

tional DC motor is done Dy a mechanical commutator and

brushes. The brushless DC motor, on the other hand, is
4...

commutated electronically.

16
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B. ELECTRONIC COMMUTATION AND DRIVE

In order to see the similarities and differences between

conventional and brushless DC motor systems, two sketches are

shown in Figures 2.3 and 2.4. In Figure 2.3 we nave the

elements of DC motor and control. The connections between

the rotor windings and the commutator are shown. In Figure

2.4 the commut- ion control stage is different from tne

conventional DC motor. Slots, windings, magnetic poles, and

the electronic commutator work in sucn a way that the

direction of the rotation is controlled by the polarity of

the DC power supply. By an electronic commutator, tne

current is switched from one coil group to the adjacent one

with a four section stator winding. Switching takes place

from one coil to the next four times per revolution for a

two pole motor. Since the switching transistors are already

in place in electronic commutation, pulse width modulation

can be applied to the logic circuit. The shaft position

sensor creates pulses to generate logic signals which _e%

control the commutation of the windings.

One of the simple, three-phase brushless DC motor

circuits is shown in Figure 2.5. This is a "half-wave"

control circuit with a conduction angle of 1200. As is

shown, each winding is used one third of the time and the

logic control of the system is not complicated. The speed

and torque output of the motor can be controlled by varyin.

the power supply voltage V s . In the lower part of tne

Z. ,



dia'j-am the same system can be seen in reversed torque.

The torque reversal in a conventional. DC motor is achieved

by reversing the power supply voltage. In the brush-less DC

motor the same thing can be done by shifting all the logic

functions by 1800. This example illustrates one of tne

v basic differences between conventional and brusriless DC motors.
I-..,In the illustration of Figure 2.5, the inductive tr-ansient

current in each winding is ignored. Due to rne voltage

4.: produced by the stored

C.Ra STATOR

0 42- MAGNET

RtOTOR
WINDINGS

SI(INAL

COMUTAOR

Figure 2.3. Essential Parts of a Conventional DC :-ot-or
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01 ~ ~~ ~ ~~ Q3 CMUTTO ONRLESTG~STAG

I. PERMANENT

IER
_LOGIC POWOR

POWER SUPPLY

AC OR
.1* DC

Figaure 2.4. Essential Parts of a Brushless DC Motor.

energy in each winding, the circuit creates a reverse break<down

voltage on each transistor. Since stored energy is low in

6 the low-power systems, such break-down conditions can be

tolerated. However, if any significant amounts of current **A

and voltage are handled in such a sysrem, breakdown conditions -

would cause damale to the semiconductor junctions. Therefore
N_ L other metnods are used to maintain proper commutation of

tnfm inductive energy in each winding7. Figure 2.6 shows a

two-phase brushless DC motor using two power supplies +~V'

and -Vs. We now have four power transistors and four

0%A
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Each half of the circuit controls it's own windin ,
diodes. ah

and the two operate independently of each other.

The diagram shows Lne current response witn respect to .

rotor position and current versus time at a given shaft

velocity.

It can be seen that the current In as an exponentlai
0
,. %

initial increase to a steady state value whicn is maintained

until te 900 position has been reacned. Then QI is switched

to the off condition. The stored energy is dispelled through

the power supply by using diode D3, and an exponential decline ---.

is shown in when the current rise is now proressing in

Q2. T us there is a continuous torque production maintained ".

in the motor as one stage is turned off and the nex is

turned on.

C. FOUR-PHASE DELTA BRUSHLESS DC MOTOR

A four-phase Delta motor from the Pittman Corporation (see

Appendix A) is used for the following experiments. A four

pole structure is used for this motor.

There are several reasons to fabricate the rotor as a four

pole structure:

i) Mechanical arc lengths of 600 per magnet segment_ yield
a iiigher material utilization than 1200 arc uised for
a two pole structure and therefore lower cost.

ii) High performance magnetc aterials do not accept radial
magnet paths and thus are not as efficient magnetically
if made in long arc lengths.

iii) The four-pole structure doubles the number of commutation
cycles per mecnanical revolution of the shaft.

I.- %
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A four-phase commutation circuit is shown in Figure 2.7.

The logic outputs from the sensors are connected to a

BCD to decimal decoder by using the "A" and "B" inputs.

The "C" input is used to control the rotation of the motor.

"D" input is used for on-off control of the decoder. The

"D" input of tne decoder in the motor drive is a convenient

logic input to appLy a pulse width modulation signal for

speed and/or torque control. More details will be discussed

in the later sections. The flux rotation is provided by

the "on", "off" position of the transistors. When a transistor

is on, it creates current on the related windings. T- e

current passing through the transistor will create flux on

the related windings. The driver controls tne stator

excitation. For the clock-wise (CW) direction of tne f.ux
°

rotation, transistors QI and Q3' are on. This means that D

phase will nave positive voltage and 3 phase will iave

negative voltage. In the next step, Q2 and Q4' trans;s:ors

will be on. This will create positiv£ votage at trhe C

phase and negative voltage at tne A pnase. h is w 4- 11

continue in the order: transistors Q3 and QI' on and tran-

sistors Q4 and Q2' on. To reverse the flux direction,

the operating program will be transistors Q1 and Q3' on,

transistors Q4 and Q2' on, transistors Q3 and Q1 on,

transistors Q2 and Q4' on. Shaft angle position, pnase WWI

voltage, and corresponding sensor signals are shown in

Figure 2.3.

23
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Figure 2.8. Four-Phase Logic Control.

D. ADVANTAGES AN!D DISADVANTAGES OF THE BRUSHLESS DC :1OTOR

1.Advantpages

Brushless DC motors are more expensive for tine same

horsepower rating than conventional DC motors, out tiney nave

some advantages over DC commutator-brush motors:

a) The motor has a ion,, life because it; Joes not:
nave brushes.

o) Due to the elimination of brush arcing, there is
reduction in electromagnetic itrference.

c) There is a reduction in acoustic noise.

J) Little or no maintenance is required.

e) Th-e motor oermits a s3mall signal controiL ofl
sp e ed and on-off operation since tne power
circuitry is included as part of thne orusniess3
DC motor.
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f) When they are properly sealed, they are capaole
of operation in fluids or vapors.

2. Disadvantaaes

The following- are important disadvantages of tnie

brushless DC motor:

a) The totalI size of the motor is bigger overall
because of the additional space required for tn~e
electronic devices.

b) Overall cost is higher compared to conventional
commutator types of the same horsepower.

c) Choice is somewhat limited at present in "stock"
sizes and horsepower rating, necessitating
"special" orders for particular applications.

Even though the brushless DC motor has some dis-

advantages developing electronic technologies and applications

in space and the military make it preferable to conventional

DC motors.

PJ .
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!II. VELOCITY CONTROL OF THE BRUSHLESS DC IOTOR

A. General

Before studying the speed control of the brusnless DC

motor, it will be helpful to study the components of the -rq-n

system. The block diagram of the velocity control circuit
.V

is shown in Figure 3.1.

The Hall effect sensing system is based on sensors wnich

are located adjacent to the end of the stator winding to .

sense the polarity and magnitude of the permanent magnet

field in the gap. The position of the Hall sensors are p.

shown in Figure 3.2. The Hall effect device is made of two p

sensors which are placed 90 electrical degrees apart to

sense the rotational position of the rotor relative, o the

stator coil groups. The flux in the gap between the rotor

and stator and the output of each sensor is shown in Figure

3.3. As can be seen in Figure 3.3, the output of each Hall

sensor switches from logic high to logic low when the

sensed rotor flux passes tnrough zero. The output is high

for a north magnetic pole and low for a south pole (or vice

versa if Hall sensors are reverse mounted). [Ref 4]

The two rotor position signals are decoded by digital logic

Sates in the motor drive to give a four phase output wnicn ,

controls 8 power transistors in such a way that sequential

switching from one stator coil to the next occurs at intervals .- \-

of 900 mechanical rotor rotation. Botn the outputs of tne

27
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D4 C

D/A CONVERT7ERD C

MOTOR

DIGITAL AD R IVE

TACHOMETER B[76-6 - 1

OA~-- O-

HALL
SENSORMO R

PITTMAN 5111 WDG441

Figure 3.1. Block Diagram of tne Veiocity Control System.
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DIRECTION OF ROTATION ROTOR MAGNETS

...-- HALL SENSORS

STATOR
W IN DINGS)

Figure 3.2. Position of the Hall Effect Sensors.

NN

ZERO CROSSiNG TM

SENSORS

5V~ SENSOR A

0V
TIME

V IENSOR 2

Figure 3.3. Flux in tne Air Gap and Output Voltage
Wave Forms for Hall Effect Sensors.
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The Hall sensor will produce square waves related to tne
speed. Following from this- concept a digital tachometer

will be built and discussed in the next section.

The "D" input of the decoder in the motor drive is a

convenient logic input to apply a pulse width modulation

signal for speed and/or torque control. More details will -

be discussed in later sections.
.- %°

B. DESIGN OF THE DIGITAL TACHOMETER FOR SPEED CONTROL

The speed of the brushless DC motor can be observed from

the output of the Hall sensors. Hall sensors produce 2

square waves for each rotation. If elapsed time for each

revolution can be measured, the speed of the motor can be

found. One channel of the Hall sensor output of the brushle.s3

DC motor is shown in Figure 3.4.

The arrows indicate the beginning and end of tne period

of revolution. The relation between the period of the

revolution and the speed of the motor can be shown with the

following example:

Period = 1 Revolution = 50 10-3 sec

speed = 20 revolutions per second (RPS).

This is equal to 1200 revolutions per minute (RPM).

By starting from this approach, a digital tachometer was

designed by the author. The main idea was to measure the

period of revolution by using counters and inverting to the

voltage value by using a Digital to Analog converter (DAC) --- p

30
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Figure 3.4. One Channel Output of Hall Sensor.

A circuit diagram of the digital tachometer is shown in

Fig-. 3.5.

A 7474 Dual-D-Type positive-edge-triggered flip flop was

used to obtain 1 pulse per revolution by dividing the Hall

sensor signal by two. The output of the flip-flop is snown

in Fig7ure 3.6.

74LS161 synchronous 4-bit counters were used to count for

each period. Clock pules were used for the counters. For

this design the 16 bit procedure was found to be thne mosr.

appropriate from a nardware point of view. aen the motor

.. .

was running at a slow RP , tie period of the revolution was

rii S6h and tne counter reistered hih. From an overflow

point of view, the maximum count on tne counter should nil

31
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Figure 3.5. Circuit Diagram of Digital Tachometer.
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LuJ 5

0 0

7 1 ME(SEC>

Figure 3.6. Output of the Flip Flop.

have exceeded 65536. Keeping- in mind that wnen tne moit-r

runs under 600 RPM the counter overflows, this crizerla

became the minimum speed restriction for -the moztor. .-4

74121 monostable multivibrator was used to get snort, clear

pulses for the counters. The output of tne nuitivibrator

(one shot) is shown in Fig-ure 3.7.

IIj

0

28 NANOSECL

T I ME(SEC)

Figure 3.7. Output of tne M4ultivibrator....
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The 74374 Register stored the counts for each period until

- the new count came.

Two 8-bit DAC Digital to Analog converters were used to

convert the counts to the voltage as it related to the

speed . The logic of the Digital to Analog conversion is C

shown in Figure 3.8.

The voltage related with speed is between 0 and 10

volts. When the speed is.-40 rpm the output of the DAC will

be0vlt;wentespe s24,000 rpm the output of tne

DAC will be 10 volts. The lowest speed is equal to 0, tcne

rnighest speed is equal to 10 volts.

S. 01A -ONWERTER 0'. =.KERE

mosr S*iG4Frr~ LEWS SIGOICA4 T lS

3 Is 0 7'0 7 SIrS

3 Figure 3.8. Digital to Analog Conversion.

C. PULSE WIDTH MODULATOR

The I'D" input to the decoder is a convenient lozic- input,

to wnicn the pulse-widti modulated logic sizgnal can oe



applied. it should be recognized thiat ,nie Low recnanical

time constant of these motors could cause instantaneous

speed variation at slow speeds when a low duty cycle is

used in trie pulse width modulation. The pulse-widtn modui~ator

is shown in Figure 3.9. A pulse width modulated sig7nal Was

obtained by mixing a low frequency input error signal wi:n

a 'iigh frequency triangular "dither" signal. Twenty ,<iioner~z

was the frequency chosen for the dither signal. TIhe sum of

the error and tr iangular s ig1nal e( t is shown in F igure 3. 1OA
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Figure 3.10. Error and Dither Signal.

An e~t) sig-nal was fed to the "zero crossing c ircu it. Th e

zero crossing circuit converts the resulting sum into a two

level signal el (t) as shown in Figure 3. 103. The signal

shifts between the two digital levels 0 volts and Svls

Input, e., is assumed to be a DC level or slowly cnIanging

s ignalI. Added to the tr iangul ar sig57nal d (t) wnic n osc Jila te s

between -10 volts and 0 volts, and has a period, T. T n is

signal was added to e to produce e(t). This result: was

tnen fed to a zero crossing detector, whicri in this cas~e ..s

simwn to sw itcn f rom~ pl1u s 5 volts (log-ic 1) to J 0

A circuit diagram of the pulse width modulator is scnown

in Figure 3. 11. A circuit diagram of the digital tacrioreter

36



and pulse width modulator is snown i n z',ur e 3.12. n Pe

artwork of the circuit is shown in Appendix C.

20K 20 71
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Ill. SYSTZEM TESTIUC-I AD DATA COLLECT-Q.\ Ro V:Lc:YZ7_

A. GENER~AL '

Af ter building the velocity control system for ::-e -

brushless DC motor some experiments were done to get data

on now the system works. The instruments used for tnese

experiments are shown below:

1. Power supply unit PS 150E
2. Hewlett-Packard 6216A power supply
3. Wavetek model 145 pulse/function generator
4. Textronix 2213 oscilloscope
5. Textronix 464 storage Oscilloscope
b. Hewlett-Packard 3582A spectrum analyzer
7. Hewlett-Packard 35 plotter
8. Hewlett-Packard 124A camera.

The power requirements for the system were +15V, -157, +DV,

-1ov, -isv,

PWM

Q FE n

MOTOR

rigure 4.1. Block Diagram of thne Velocity Contr:1.
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For simplicity, test points were defined by letters. A

block diagram (and test points) of the system is shown in

Figure 4.1.

These test points are the same on the circuit board. For

velocity command, a four position dip switch was used. Fifteen

different speeds are produced depending on the relevant motor

power supply.

The calibration of the system is important to getting

accurate data. For calibration purposes, -many adjustable

resistors were used in the system. The calibration of the

system is explained in Appendix B.

B. OPEN LOOP VELOCITY CONTROL.",

For open loop studies, the feedback switch is turned to

the open loop (OL) position. The power supply was set to '

15V. The Speed command was given by a dip switch. The

position of the dip switch and the equivalent RPM values

are as shown below:

DiD switch Dosition S (.. "

0001 3000
0010 3260
0011 3410
0100 3570
0101 3660
0110 3750
0111 3300
1000 3845

40
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The 3750 RPM speed (Dip switch =01 10) was cilosen for :rne

first experiment. The two channel Hall sensor output of thne

motor is shown in Figure 4.2. From the Hall sensor output

the speed of the motor can be calculated.,%

77

L I VL) IV

-~Figure 4.2. Hall Sensor Output of the >iotor for 3750 RPM.-

Since the Hall sensor sends 2 pulses per revolution, Fi 7ure

4.2 shows that

1 rev =8 x 210-3 16 msec.

=1/16 msec x 60 = 3750 RPIA.

The pulse width modulated signal (test point P) is shown in 7~

Figure 4.-3.

A4hen the shaft of the motor is held, the motor slows Jown

and no cnange of tile pulse width modulated signal can be

seen. Another experiment was done by qhanging the power

supply of the motor. The speed of the mot-or Was chancred.

41
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Figure 4.3. Pulse Width Modulated Signal.

Both these observations show that this is an open ioop

system. In the second experiment 3260 RPIM speed (dip

switch =0010) was chosen. The Hall sensor and PWM signals

are~shown in Figure 4.4 and Figure 4.5 respectively.

Figure 4.4. Hall Sensor Output of the Motor.

1424
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Figure 4.5. Pulse Width Modulated Signal for 3260 RP1. Ie

C. CLOSED LOOP VELOCITY CONTROL

°..

For the closed loop system, the feedback switch was turned

on to the closed loop position (CL). The power supply was

set to 30 V. The position of the dip switch and equivalent

RPIM values are as snown below.

Dig switch positionSpe (RM

0100 1275
0101 1500
0110 1580
0111 1375

Due to hardware restrictions, a 16 bit system was u~ed.

That brought some unwanted results in low speed experiments..

For that reason -2 V steady state error was added to :r.e V9A

Dither signal. The Dither signal is shown in Figure 4.6.

43
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Figure 4.6. The Dither Signal.

For the first experiment on closed loop velocity control.

the speed of 1275 RPM was chosen. The dip switch was set to

0100. The Hall sensor output of the motor is shown in Figure

4.7. From this picture the speed of tne motor can be

calculated in the same fashion as the previous section.

Its speed is 1275 RPM. The PWM signal is shown in Figure

4.8. When the shaft of the motor was held slightly the PW"-.

signal was changed to keep up with the given speed command

(see Figure 4.9). This is one of the expected results of a
• , °o. .'•

closed loop system. Another experiment was done by cnanging"

the power supply of the motor. No change in the speed was

ooserved. This is another expected result of.a closed loop

system.
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Figure 4.9. Pulse Width Modulated Signal with External
Force on tne Motor Snaft.

D. TRANSFER FUNCTION MEASUREMENT AND SIMULATION STUDIES

-The transfer function of the motor can be found by using

a spectrum analyzer. A Hewlett-Packard 3582A spectrum analyzer

was used for this experiment.

A block diagram of the closed loop velocity system and

its connections to the HP spectrum analyzer are shown in Figure

4.10. 9'

Random noise was used in the system and was fed t~o thie

wesumming junction (test point N). When the forward gain of

the noise was 1 .0, the speed of the system was changed due

to tne noise. This unwanted result was eliminated Ey cnoosing

-. 9
thnie traneqfuncto 0.2 The mo frequnc reefo ndysn of,-
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the system found by the HP spectrum analyzer as shown in

Figure 4.11a and Figure 4.11b.

P PIN 
M DRIVE 

0 To*tCVC \'Y M

VtQ-P

Z. A 8

Fiu4.1. Open e Loop S'eunyeponhSeofthem Anyser. .wi7n Ran d curve.or

2,17~ 2.-.

--. 0

L- Hz 2-.. H -



FP FCT H + :30dB F o jdB .!o r v
:,IF P F IC T N K P. '  160 0 1 ,

0--"

_10,

Ii ,) 10 22 HB

tl''I

0 I0
, - . . .. .-. 7..:

FREU ENCY(HZ)

Figure 4.11b. Open Loop Frequency Response of tl e System ,( .

with Phase Curve.'"

In the velocity control system there are a number of ":

i - " -h-%'.

various digital components, such as flip-flops, counters -- '

and D/A converters. The counters which were used in the ' "'

system are synchronous devices, this means they use clock .<i''

pulses. 
• : 

".-"

The following events take place in the system. -y-"e

clock pulse. Curve

2. Determine the speed for one revoortion of the motor.heeaea-

3. Perform digital to analog conversion.f s cue

4. Send t e updated control variable to the motor.

5. Go to step 1.
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Because tine computation of the speed ad sen~ding the *..

control variable tatkes some Lime, there is a time delay

between steps two and four. The D/A converter holds t.'ie

signal over one revolution of the motor. This imolies that

the sampling interval is equal to one revolution of the

motor. During the transfer function measurements, thne

speed chosen was 1360 RPM. With simple calculation, one

... .. . . .. . , - . -

revolution of the motor can be found to be 44 milliseconds.

The ryquist frequency is thus /0i.044 7 71.2 rad/sec or

11.3 hz.

At frequencies wnich are greater than rthe Nyquist

frequency, the ambiguities of the transfer function for

both the gain and phase curves can be seen in Figure 4. 1 la

and 4.11b. For that reason, this part of the experimental

edata was not included in the calculations.

The frequency, magnitude and phase c.2 tne transfer

frunction which was found f rom Figure 4. 1ea and o are snown

in Table 1. The Bode plot which was drawn by using The

data in Table 1 is shown in Figure 4.12.

The transient response of the closed loop and open loop

system were found from a strip chart recorder and are snown

n Figure 4.15 and Figure 4.16. On tne otner nand, .ne

transient response of the system can also be observed fr 1.

the storage oscilloscope.

A Textronix 464 storage osciiloscope was used to -et

the transient response of the system. The step input (from

49
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1035 rpm to 1305 rpm) was appiled to the system as a step .

input. The closed loop transient response of the system i'S

shown in Figure 4.17. This transient response correlates

with the transient response which was found from tne strip

enart (see Figure 4.16).

As can Oe seen, the system is type 0 [Ref. 1 and has one

pole at w = 7.0 rad/sec and one pole at w = 27 rad/sec.

The open loop transfer function of the system is shown oe-Dw. .--.

G(s) :" (s/7.0+1)(s/27.0+1)

TABLE 4.1 .

FREQUENCY RESPONSE WITH MAGNITUDE AND PHASE

w'rad/sec) Maznitude(db) P (dezrees)

4 2.5 -91
5 2.6 -91
6.2 2.6 -94
8.7 0.7 -107

10 -0.9 -111
15 -3.3 -123
20 -6.8 -138
25 -9.2 -153
30 -11.7 -164
35 -13.5 -176
40 -14.8 -195
45 -17.1 -207
50 -18.3 -212
55 -19.6 -230
60 -22.2 -241
65 -24.9 -24"
70 -28.9 -250

This transfer function was used for computer simui tisn .'.

of the system. The open loop frequency response of te .' .,

50
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system is snown in Figure 4. 13 and tine transient response

of the system is shown in Figure 4.14.

The time constant of theosystem was found from the open

loop transient response (see Figure 4.15). The timne it

tak<es to -let 63,1 of velocity gives the time constant of tine

of the system. From Figure 4 .15 t he t ime cons tant; was

found to be 140 milliseconds. On the other hand, the

time constant of the system can be found from the Lransfer

Ufunction which was determined using tne data from the HP

spectrum analyzer. The low frequency pole of the system as

d etermined f rom Fig7u re 4. 12 was 7. 0 rad/ sec , thien the t ime

cons tar.;

T ____ 142 milliseconds *

This time constant correlates witn the time constant wiich

w4a s found froin :ne strip chart recorder. Thiis indicates rnal 4
te frequency response of tne system Nr-,cr. was found froin t.ne

HP soectruin analyzer was accurate.

The time constant of the closed loop system can zce

calculated from the closed loop !transient response of tine

system wn2.ch was sriown in r-iure 4.1. Fom tne f.>jre,

the 3ettiing time of tine syLstem was found to De 320 mil-

seconds. Thus t-ne t ime cons-)ant of '.:,e cl1osed 120G0 .3ys-.e:ii

was 320 milIliseconds/4 z3D nili isecojnd3 t can oe seen



that the time constant of the closed loop system was faster

than the open loop system. This was the expected result.

Another important subject arises from the usage of a

D/A converter in the system. Since the D/A converter

creates a delay related to the sampling rate, this will

cause phase lag in the system. This phase difference can

be seen by comparing the measured open loop frequency resoonse -

with that calculated from the transfer function. The

calculated phase does not include time delay, whioh tne

measured phase does. It is seen that the measured phase

lag exceeds the calculated lag by 150 at the corner frequency

w : 7.0 rad/sec. Thus the time delay is approximately

TD. 37.4 milliseconds

'The time constant of the motor which was given by tne

factory specifications was 14.4 milliseconds. It is obvious

that the time constant of the motor is faster than tne

system time constant. This difference is caused by tne

time delay of the pulse width modulator and the D/A converter.
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Figure 4.15. Open Loop Transient Response of the System
from the Strip Chart.

-~ ~~~~ ------------___ ___ _

Figure~-1 4.6 ClsdLopTanin Rsoseo heSse

frm n Sri-hat

556



4,4

.4e

Fiur 417 Cosd oo TasintReposeofr~e57se

*~~~~~~1 frmSoaeOsilsoe



- .- *.* _

V. POSITION CONTROL OF THE DC MOTOR WITH MICROPROCESSOR CONTROL

A. GENERAL

Microprocessor control of orushless DC motors has many

advantages over an analog control. One of the advantages -Js

that since it can be built with a couple of integraced .

circuits, it is smaller and lighter than an analog controller.

It is also easy to debug the system. .,-.

There are some advantages and disadvantages to consider

in software design and its implementation as well. Some of

the advantages are:

1) By changing the software program, the function of tne
system can be changed.

2) By.modifying the input/output devices, this system can
be used for other control systems.

3) By standardizing the hardware, system design emphasis
can be increased on software programs and subroutines.

4) Since the system is constructed of standardized units,
it is easy to debug the system.

B. MICROPROCESSOR CONTROL OF DC MOTORS

There are two approaches to microprocessor control. One

approach is the "direct" approach, another is the "indirect"-.

approach. In the direct approach the data obtained from tne

system are fed into a microprocessor to compute tne new vaiue ""-

of control. In the "indirect" method of microprocessor control,

the motor has an analog servo controlier and microprocessor

. ... . . ...... ........ . . . . .
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is used to turn the servo on and off. [Ref. 21 In this

thesis the "direct" approach is used. .

The block diagram oftnemicroprocessor-controlled position

control system is shown in Figure 5.1 [Ref 31. The position

MICROPROCESSOR MOTOR
/\yERM,N AL' I CONTROLuER DIRECTION DRIVE

A-OP -CA.' -IAL

,.-. ~~~ AL -i' -.-

B ENCODER sENSOR.

ad.directFigure 5.1 . Position Control System .v.s

and direction commands are given from the cathode ray tube

"(CRT) terminal. Another input to the microprocessor

controller is the actual direction of the motor which is

determined by using two channels of the optical encoder.

The direction sensing system is shown in Figure 5.2. , ,-

C. INCREMENTAL OPTICAL ENCODER

The incremental optical encoders are used for position

confirmation and for feedback signal generation. :ncremental
,' o

optical encoders provide a pulse for each increment

59
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of resolution. An incremental encoder has four main parts:

* a light source, a rotation disk, . a stationary masX, and a

sensor as shown in Figure 5.3. (Ref. 21 A Hewlett-Pack<ard

Heds-6000 series incremental optical encoder was used for

the system.

D DIRECTION

4.

Figure 5.2. Direction Sensor.

LIGHT SENSOR

SOURCE + + PHOTOVOLTAIC CELL,
(LAMPLED)PtOTOTRANSISTOR,

PHOTODIODE

ROTATING STATIONARY
DISK MASK

Figrure 5.3. Incremental Opticai. Encoder.
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The Heds-6000 series is a high resciution incremental

optical encoder. it consists of three parts: the encoder

body, a metal code wheel, and emitter and plate.

The incremental snaft encoder operates by translating the

rotation of a shaft into interruptions of a light beam which

provides output as electrical pulses.

The standard code wheel is a metal disc which has N:I000

equally spaced slits around its circumference. An aperture

with a matching pattern is positioned on the stationary phase

plate. The light beam is transmitted only when the slits in

the code wheel and the aperture line up. Therefore, during,

a complete shaft revolution, there will be =1000 alternating

light and dark periods. A molded lens beneath the phase

plate aperture collects the modulated light into a silicon

detector.

-The encoder body contains the phase plate and the detection

elements for three channels. The first channel gives N=1000

pulses for ench revolution. The second channel nas a similar

configuration but the location of its aperture pair provides

an output which is in quadrature to the first channel. The

phase difference is 900 electrical. The direction of

rotation is determined by observing the leading form of toe

channel B. The outputs are TTL logiz level signals.

The index channel is similar in optical and electrical

configuration to the A,B channel described above. An index

.1
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pulse of typically one cycle width is generated for each

rotation of the code wheel.

For counter clockwise and clockwise rotation of the code

wheel, channel A, channel B, and index channel outputs are

shown in Figure 5.4a and Figure 5.4b respectively. Encoding

characteristics, recommended operating conditions and

definitions are shown in Appendix E.

D. MICROCOMPUTER SYSTEM

The general block diagram of the microcomputer system is

shown in Figure 5.5. The microprocessor unit (MPU), Z-80,

implements the function of the central-processing unit (CPU)

within one chip. It includes an arithmetic-logical unit

(ALU), plus internal registers, and a control unit (CU), in

charge of sequencing the system. The Z-80 creates, three

bus~es: an 8-bit bidirectional data bus, a 16 bit unidirec-

tional address bus and a control bus.

The data bus carries the data being exchanged by tne

different elements of the system. Mainly, it will carry data

from the memory to the Z-80 or from the Z-80 to an input/output

chip. The input/output chip is the component in charge of

communication with an external device.

The address bus carries an address generated Oy the Z-80

which will select one o. the chips attached to the system.

For this system a 741S138 decoder was used.

This address specifies tne source or the destination of
4. .. -".

the data which will transit along the data bus. p.-
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CHANNEL A .-
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CHANNEL B
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TIME OR ROTATION

Figure 5.4a. Encoder Channel Outputs for 0C. Rotation.

I CHANNEL A

CHANNEL B3

CHANNEL I

TIME OR ROTATION

FE- ?ure 5.4o. Encoder Channel Outputs for CCW Rotation.
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S.S

PORT B
+ Z-8

--- 4.

Figure 5.5. Microcomputer System.

The control bus carries the various synchronization signals

*required by the system.

The Z-80 requires a precise timing reference whicri is

supplied by a 4.915 MHz crystal.

The RAM (random-access memory) is the read/write memory

for the system. 'MOSTEK MK 4118 (P/N) series, 1KX8 static

RAMl was used for the microcomputer.

The system contained two interface cciips so that it coul.d

communicate withn the external world. The MC 686613, Enhanced

Programmable Communications Interface (EPCI) was used to

communicate with the CRT terminal. The details on the EPCI

programming are explained in Appendix F. An Intel '-8255A
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Programmaole Peripheral Interface (PPI) was used to interface

with the motor. The M8255A PPI has three ports whicn can oe %

used for input or output purposes. The operating modes of

the chip are explained in Appendix G.

The 2716 16K(2Kx8) UV Erasable Prom (EPROM) was used to

load the program for the system. The function of tne

system can be changed entirely by writing the new program,

and loading the EPROM. The circuit diagram of the microcom-

puter is shown in Figure 5.6.

E. SOFTWARE DESIGN

1. General

The software was designed in such a fashion tnat a

position command to the motor is given from the CRT terminai.

The direction of the motor is calculated by the program whicr-

chooses the CW or CCW direction for the shortest path to-

its destination.

The system software was written in Assembly ianguage

(Appendix H) at a Zenith Z-100 microcomputer, using a Z-60.

instruction sets (Ref 31. The program was assembled and Lne
w

hex files downloaded to the EPROM by using a SYS19 routine.

The main program consists of:

1) an initialization routine for the ports and a ;RT
interfacing,

2) calioration routine for a D/A converter, and

3) position control routine and subroutines.

........................................-



2. Main orozram compnonents.

The initialization routine sends a control word to

the parallel ports of the computer, setting them to the output

mode. There are two options given to the user. First is

the calibration of the D/A converter (Appendix D) and second

is the position control of the system. After the calibration

of the system, the position command to the motor can be given

from the CRT terminal. For simplicity, the position of tie

motor should be given as a count of pulses. Since the incre-

mental optical encoder gives 1000 pulses per revolution, 1

pulse represents 0.360. If the command is 100 counts, it-
0g

will represent 360.

The direction of the motor is determined in tne

following fashion. If the position command is greater than

1800 (500 counts) the direction of the motor will be counter-

clockwise (CCW).

The program takes 300 states to calculate the position

% of the motor and determine the new control command. The

actual time the program takes to execute can oe found by

multiplying the number of states by the clock period. A

4.915 MHz clock was used for this microcomputer, so the

period of the pulse is:

1/4.915 106 = 0.2035 microsecond.

Each state would correspond to 0.2035 microseconds of real

time. By adding up the total number of states that the

program requires to execute and muitiplying this oy tne cloc.'
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period, it can be determined now long nhis proTram wi-' :axe

to execute.

300 states x 0.2035 microseconds = 60.6 microsecond.

On thne other hand, the period of tne pulses tnat are

sent from the incremental optical encoder should be longer

than 60.6 microseconds. Otherwise, the microcomputer wili

miss the pulses and :o to tne wrong position.

At maximum, 810 rpm was found to oe a sufficient speed

for the brushless DC motor. The motor will make one rotation

in 74 milliseconds and each encoder pulse period will be 7

microseconds long. This corresponds to 4 volt power supply

for the motor. ',hen zne position error is maximum, the motor

speed will be 810 rpm and it will decrease with a decreasing

error signal. .'hen the error signal is between 00-5o, the

speed of the motor will oe 600 rpm. The torque at this . -

speed was found sufficient to overcome friction in tne motor.

The flow cnart of the system is shown in Figure 5.7.

3. Descriotion of the subroutines

To make the program useful and understandaole some

subroutines were written.

The . subroutine get3s the character from 2.iT

terminal and stores it in register.

The o subroutine sends message string to tne C, T

terminal.

The Recai subroutine sends cnaracters to the CRT

terminai.
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% VI. SYSTEM TESTING AND DATA COLLECTION -FOR POSITION CONTROL SYSTEM"

A. GENERAL

A microprocessor controller using the Z-80 was built

for the position control system. During the testing the

following equipment was used:

I. Power supply unit PS 150E

2. Hewlett-Packard 1216A power supply.

3. Wavetek model 145 pulse/function generator.

4. Power supply model 3650.5.

5. Hewlett-Packard 124A camera.
.4

The power requirements for the microprocessor were

+15V, -15V, -IOV, +15V and 3-30V. The power requiremenL for

motor drive as well as the incremental optical encoder was

+5V. A four volt power supply was used for the motor. -

The sequence for turning on the power supplies for the

system is important. First, the power supply of the micro-

processor and motor drive should be turned on. The power

supply of the motor should be turned on at the very last.

The microprocessor system draws a total of 450 milliampers.

The maximum current limit of 500 milliampers should oe set

oefore adjusting the five volt power supply.

To start the microprocessor the reset button should be

set. The dial which was mounted on the shaft to observe

the angular .position of the motor can be adjusted to 00 as

an initial position.

4.4..4.70
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B. SYSTEM CALIBRATION

The calibration of the system should be done before

using the system. For this purpose a calibration program

was written. After resetting the system, two options

appear on the CRT terminal. (See Figure 6.1)

After entering "1" for system calibration, a set of

instructions appear on the CRT Terminal. (See Figure 6.2)

The voltage on test point "C" should be adjusted to

-4.96 volts.

C. CLOSED LOOP POSITION CONTROL

After choosing the position control option from the

menu, a set of instru.ctions appear on tne CRT terminal.

(See Figure 6.3)

Since the optical incremental encoder has a resolution

of 1000, each pulse of tha encoder represents 0.360. The

position command should be given as counts. The relation

between counts and angular positions is given in Table 2.

A dial was used to easily observe the angular position of

the motor.

The block diagram of the position control sysLem is ___

shown in Figure 6.4. The blow up picture of tne curve

following block is shown in Figure 6.5. When the position

error is maximum tne velocity will be 810 rpm. W,4hen tne

position error is between minus 50 and plus 50 the velocity

will be 600 rpm. ',hen the position error is minus, tne

direction of the motor is changed from the CW direction to V

71
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the CCW direction or from CCW direction to the CW- d-,reczion,

* depending on the initial direction of the motor.

The software program was written in such a way that.

when the position error is zero the motor wil~l not shop.

When the position error is 0.360 the direction of the motor

is changed to the other direction and position error ii

-0.360 the motor is reversed again. This algorithm will

create a dither signal between 70.360 at the position.

-~ This dither behavior will hold the motor shaft at tne

given position within ;0.360.

4%%
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TABLE 6.1
COUNTS AND ANGULAR POSITIONS

Counts Angular Position (degrees)

000 0
142 15
083 30
125 45
167 60
208 75
250 90
375 135
500 180
625 225
750 270
875 315
997 359

The software program was written in such a fashion that

when the position command was bigger than 1800, the program

would chose the shortest path for its destination.

Fifty runs for the position commands which were smaller

than 1800 and fifty runs for the positions which were

greater than 1800 were done.

For all the runs, the motor went to the given position

and dither signal was found to be :0.480. This was close

enough to ;0.360 to be satisfactory.

The transient response and frequency response of the

system can be found by using the additional system inerfacing

chips and by writing a new software program. This is

recommended for further studies in Chapter Seven.
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VII. SUMMARY AN- CONCL.SION

A. REMARKS AND CONCLUSIONS

The brushless DC motor has been shown to have some

advantages compare to the conventional DC motor. Brushless

DC motors with their disadvantages still are more favorable

for use in incremental motion applications. Since commutation

is done by switching transistors, pulse width modulation is

a desirable option in system design.

The low-cost position sensors such as Hall effect circuiL'-.

and optical sensing integrated circuits have been found to ,er

be highly practical for servo designs. A velocity control..

system designed by using the Hall effect sensors.

From the analyses, the time constant of the motor as

-given in the factory specifications was considerably faster

than the measured time constant. This was the result of ..

the time delay of the pulse width modulator and the D/A

converter.

The transfer function of the system was developed by

using an HP spectrum analyzer. The time constant of tne

system was found by using tne transient response data which

was measured using a strip chart and storage oscilloscope.

The measure of the time constant was found to be identical

with the computer simulations of the system transfer function.

The positiQn control of the brushless DC motor was studied

by using a Z-80 microprocessor controller. Pbsition feedback

76
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was obtained from an incremental optical encoder. The encoder

., .'.

had 1000 resolution per revolution which provided high accuracy

for position control. Assembly language was used to w~rite

a program for position control. For the Z-80 CPU a 4.915 M1Hz

clock was used. This brought the limitation for maximum

speed of the motor to 810 rpm.

The system testing for the position control system w.as

done and was found to be accurate. Since tne incrementa '

encoder gives one pulse for 0.360 angular position, ttne

steady state error was programmed to be oide to hold ter_

torque on the shaft. The steady state err tr wnicn w a.s

found from the position control system was ;0.430. %.

3. RECOMMENDATIONS FOR FURTHER STUDIES

For tne digital tachometer *a 16 bit (4 x 4 bit )counter

system was used. By using the 24 bit counter system, the

performance of the system can be improved.

Eight bit D/A converters were used for bothl tine velocity

and position control systems. By using 12 bit, D/A converters

the resolution of the system can be increased from J.2

volts to 0.01 volts.

instead of the Hail effect sensor, an incrementai

optical encoder can beused with the velocity estimator to

measure the motor speed. The sampling rate wmol to De P

faster than the sampiing rate using Hail effect sensors.
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A 2N 2222 transistor in the motor drive to wnich the

PWM signal is applied will burn out i-f the transistor

transistor logic (TTL) signal is used for the PWM signal.

To avoid this, the open collector logic signal with an

820 ohms pull-up resistor should be used for the PWM signai. z,

Assembly language was used to program the position

control system. There are many high level languages th-at

may be used such as Forth, Basic, Fortran, C, Pascal and

Ada. There are many advantages in using a high-level

language rather than assembly language because it takes

much less time to develop a system. The code is also much

more readable and therefore, easier to modify the program

with a high-level language.

The transfer function of the system can be found by

using a couple more parallel interfacing devices (Intel

825;A) and by modifying the program which was already

written.

Since the incremental encoder has two outputs witn 900

electrical phase difference, using botn outputs instead of

one output as a position sensor the steady state error can

be programmed to be T0.180. This will require another CPU

with a faster clock.-'

It is recommended that after the circuits are Ouilt and

it is certain that it is working properly, it would oe bet"er

to build the circuit using wire-wrap technique to improve

... -
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the wire layout and also to reduce possible trouble snooting

errors.

*~P 10..
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APPENDIX A

RATING AND SPECIFICATIONS FOR PITTMAN 511 WDG #I,'
BRUSHLESS DC MOTOR

MOTOR PARAMETER UNITS SYMBOL VALUE

DAPING CONSTANT (KTE/RT) N.m/(rad/s) X .42xlO
-

MOTOR CONSTANT (KT/ RT) N.M/ W KM 37 .7 x.

MECHANICAL TIME CONST. (J/K.) ms 14.4 __

ELECTRICAL TI CONST. (L/RT) s T 0.155

MOMENT OF INTERIA kg.m2  J 20.5x10 6

VISCOUS DAMPING N.m/(rad/s) DF 13x10
-6

S.] .3
FRICTION TORQUE N.m TF 3.0x10

MOTOR MASS kg M 0.60

THERMAL TIME CONSTANT min 15

THERMAL IMPEDENCE (WDG-AMBIENT) 0C/W R 3.2
0 T

MAXIMUM WINDING TEMP. C 9 M155

1INDING PARAMETER UNITS SYMBOL VALUE

, TORQUE CONSTANT N.m/A I 29.9x0- -

BECK EMP CONSTANT V/(rad/s) K 29.9x10- 3

E
STATOR RESISTANCE ohms R 0.631

STATOR INDUCTANC mH L 0.0975

- - .
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10" APPENDIX B

a. THE DAC CALIBRATION FOR VELOCITY CONTROL SYSTEM

The DAC system was set to 0 to -10 volts output range.

If the system range is to be changed an adjustment in tne gain

offset will be necessary.

To adjust the gain offset of the DAC the follow. ng

procedure snouid be applied.

1) Turn off the power of the motor.

2) Turn on the power of the system.

3) Connect the tesc point '0' to the ground.

4) Adjust the P1 pot until -5.00 volts is shown.

5) Adjust the P2 pot until -5.00 volts is shown.

. °. %a



APPENDIX C

ARTWJORK FOR THE DIGITAL TACHOMETER AND PULSE WIDTH
MODULATOR CIRCUIT -.-

-~~~~~~~~~~~~~~ ~ ~ ~ ~ ~ ~ ~ ~ - ------------ -----------
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*THE~ DAC CALI3R'-AT:371 70F. PJ3_To'J 03,';T7)0. SY3STE

T.-;e DAC syst-en u,.az set to 3 to -10 volts. oju:Dt .-an --. -

T.,e ,-ain offszet adj'isrj:;et i.. oe necessary -for grood s te.:,

c:erforinance.

Af ter ou~cn; n tne star. buttron , tcne Droira,,, a:

t-O se..ect an oution for :iaxinv- calioratlions. A f ter :3e -eo:9'.

toe ca..ibration option, toe microprocessor sends tne zi ,na,

to te DAC. :1inus 4 .915 vol ts sniouid oe seen f ro.-s tLest z:

* 's'. it is not, tLe P pot srioul- eajutd
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APPENDIX E

CHARACTERISTIC OF THE OPTICAL ENCODER

Definitions

Electrical Degrees:

1 shaft rotation 360 mechanical degrees
= N electrical cycles M--

1 cycle = 3600 electrical degrees.

Position Error:

The angular difference between the actual shaft oosition

and its position as calculated by counting the encoder's

cycles.

V.

Cycle Error:

An indication of cycle uniformity. The difference between

an observed shaft angle which gives rise to one electrical

cycle, and the nominal angular increment of 1/N of a revo-

lution.

.* W.,

Phase:

The angle between the center of pulse A and the center of

pulse B.

Index Phase:

For counter-clockwise rotation is illustrated above, the

index phase is defined as

~12

is the angle, in electrical degrees, between the failing
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edge of I and falling edge of 3. 2is tne angle, in

electrical degrees, between the rising edge of A and the

rising edge of I.

Index Phase Error:

The Index Phase Error 2 , describes the change in the

Index Pulse position after assembly with respect to tne A

and B channels over the recommended operating conditions.

" I -- 7
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APPENDIX F

MC 68661B OPERATION AND PROGRAMMING

Prior to initiating data communications, the MC 686613
_ : *0

operational mode must be programmed by performing write -
N" operations to the mode and command registers. The EPCI can

be reconfigured at any time during the execution of the

program.

The MC 68661B register formats are summarized as follows:

MODE REGISTER 1 (MR 1)
MRI7 MRI$ MRS MR 14 M1A3 MR 12 ARl 44I I to

Chactl Moue o B d aaud
Sync AEVVC patlty Tyo0 Por6ly Control Length Rt* FacLor

Aey nC: S 0 it Lingth 01 0 - Ann. onouS IC rat-
00 

-Oao.d on -000 0 Nor
01 :,to 0 .1 0 ~ 0 Bra -Endlc L* t I .~ A1,"Oyr 'oob % 'or

0 I ro Bo0 - 71 0'l - AnynCloro IX, '60 * -N04 J3100 0113 . '3 oS 11 - A~vftC.Mfrd.S 13X410 eI*
Sync: I Sync*
"ywnbe of Tranneaarrncy

SYN c ontrol
0 - C0vt. 0 - No-at 

al
SYN - Transog..n,

*- S'r't'.

" ODE REGISTER 2 fMR2)

I __A27-MR24 UP23-MR20 -
,.C B.C Pi ~ 5T.C B.C Pin 9 P'" 25 Mads Baud Flat& Setaction

3noo - C P.C lon E b YNrC. R.'; r.c ;
)001 E r ZC !X 00 1 E I I -C BOCET asvno~~0~a S o . r SNC A.,; W~Ci 1 ' 0 , Or1: IX BKCET asvnc Sa* Oau frates tileo, I

*IwJo EO E 0.l0 E0 OSYNO q.c; r10 lrIc
EICI C ? ' '' 1 E T:C BK O ET &sync

01 0X R.C ' OS INC PIC sync
a., '0,x 00 v , , 0X BKOET as,,c ' ..

COMMAND REGISTER (CRCC
CR? C i R

I~~ *... a....
I 1 Il CanlrOt I a Taml T ron..n .-

OO%#*t,*q oe 70 Sand i 0O*t trot R.... ("nn S,.. . Ran TENI -

^oul nn .4* w e+. orr. 
-I O*; 'f¢ • ,,nn 9e1101 "l0.5 0 0.,,,n;14 , 0.0111. I . Iiori ( ,-,,..6I! * • aa,.

,n Ino , J 1dlI*,tAI,,f FE ]:v ':. * (.,ca L

- I S 0 0 - D . . ,.. * .9.0 .

Son:

a 
p OE.. ,
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There is one MC 68661B device in the system. Mode register

1 address is CE Hex, mode register 2 address is 7D Hex and

command register address is 35 Hex.
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APPE:JDIX G

INTEL 8255A OPERATION AND PROGRAMMIMG

The Intel 8255A contains three 3-bit ports (A, B, and

C). All can be configured in a wide variety of functional

characteristics by the system software. There are three basic

modes of operation that can be selected:

Mode 0 -Basic Input/Output

Mode 1 -Strobed Input/Output

Mode 2 -Bi-directional Bus

Mode definition control word format is as follows:

CONTRCL WORD

P ORT QLWE)

0- 31P,7

MODE I~TC

5ROUP A

P-ORT 7 pc
- .NP2

R ~T A

*-NPIJ7

CMODE -,-7G
0-MODEL
.2-MO DE

MODE SET AG
-AC7PvE

39



There is one 32557A device in the system; Port address

~.s 39 Hex. Triis means port A and port B are at output; port

C is at input mode.
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d APPENDIX H'

MAIN PROGRAM

S . - t-

-S

.- ZZ,.

-' ZZ" .
COUNTC Z r:a:c :t

c  
, -. -1

- l ?7E

Z' IZZ

25CRC

S2.7 7 0 Z G-FC p

COUNT WT, . -3557.,[,.,

"FRAC a ¢ -E'?: .,

"7lEC'U -:7F " -. -'

2;.7
* --. , .1. r.

1_: -E3 _ ,- ; -' S~ _ REISTE FO? 7? ' ....

.. Z , r ', A SET C07"- RE>~r t 7 - r'"""

-OT' 'NI 'I. , ' "- "'--

'PR>i,. A
* - : R, Z:_" I.:

-A .-. ,.

'. .- 4..4..
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* ..- -. ?~,- --.. -Y- -w2 .~.

~~L L

z? Lc

C ? 2
Jp Z ,STARIT! PCSIT:C' COC!TR-CL FPC-_?.A
CALL EFRCR :PNV

L002: LZ x.ark5 ;CAL11-RArION .Z

CA.LL ECHO
LL, IX.SPACE
CALL ECao

L: I x. E A C7
CALrL ECHO

L2 IX~aEkDe

12 I X, READ
7ALL E CH
L- A.7YFSEF CALIBRATIC N ~A
T2 PP kA s7Nc IC tEr PO"T
C AL L LETCHhR
C P R ;is IT :CARIAIIF ? -

LZ IxERROR.

CALL F C H

CA.LL ECEO
C ALL 'ETCHAR ;3ET PCSITIC1' Fp" C R1
L A ~ . C E 4R POSITION ( SCII'--

L I x .C HA R
:A: RECALL

s A ZZHSTRIP ASCTl
(tLl ',A FIRST MII1

A HARPOSITO 17 CI -1>

I x . CHA R

CALL URCAR -,FTST~ ~~
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l IX, :=A
C AL RECALL.
SBC A ZZH STRIP AS:::

-- t.LC).Ac :3 21 DllY
CALL SETCHAR J -

DI C; ; IS IT CARRIA- RE"',R
J- c.-0 U-S, CONTINUE
LD IxERROR
CAL. CH ERROR ENTER AGAIN

JP STAkRT1
GO: LC H .

L2 L .543;

LI C HL1

LI) L.A

CALL OPYSS MJLTIPLZXTION
U2 IIW'RESAD)
LC (SU'i1),IX F IRST BINARY

L r (MrOD)YEL

LI A.U LB)1.
12 L.A
LZ (MPRAD).31,
CALL FPTHB 9 MLTIPLEXTION
L2 Ix RE SA:
L2 (SY2)I SEZCND BINARY

L.3

LI ~ S UM3HL THIRD BINARY

ALD IXVtYI
A-- DEA SUM2'

L' (POS),IX POSITION IN BINAFY

LEI ,P22s) LOAD POSITION--'0
HL,21F4E 132z CE RTEs (520 Zo2TT) LI-MI1

AIC A
SEC ELSE : S IT 12EAT!-R THEN 122 ?5.

OdD: LI A.Z C

CO'D: I k.1 CCdfl

93
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.4' SCI

L (PP I kA
L A,'rIR)

AND0 Z -d=o C Z'i
Ir Z.START2 6IREC:TON ---- > C

J? STRT:! DIRE:TICN --- > ~
START2: DO Al(PPIC) CHEC[ THE ENCO:E?.

LE ,A ;A --- > 9
AND Zi
JR Z.START2 ?' UI.SE CHEOF ACAIIN

LD k HPRASE B -- 'A

AND 02 Ui0 ccwd=i
JP Z ,C'A

C C42: L 1 A I
D (DIPD),A
:P -'C N T2A

COMT2A: LI) 3L.(FCS) G ET POSITICI
AND k
S BC HL,3C ='?PARE T!! PCSITICN
jp Z.,NEOAkT2 AT TEE POINT
jp ',NE^GAT2 BETOND rl. ?314T

jp P,POSIT 4CT AT THE PCINT
P051T2: LD ,(DIprD( DIRECTION OF T OTc'R

AND 31
J? N Z ,CC'2A C:W=1 CW=o

i2 A: IN: BC ;CLCCT WISE RCTATION
L Ll(poS) ;LOkl POSITION
AE A ;CLEAR FLAGS

SBC .C CD'1?ARE rFy POSITIN
J? S1A

'FL

C?!L COLFMENT

P052.A: :,H2

DO D:~B .76 -E:. POSI:I!ON :'I

JP ~ SEP1SPEED CCM* AAJ

Z.. CNTi

CON! 7'=
1 ~A).A SE-_ND S?Er -CA 'J r

P IE BA SFNC IEC-:ON
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ANI) ~~~ AALER -- tAl

SEC-

AI

AD ACLA FLS
SC LI, CO.TMPAE 'TE POII

L,
C?! . CODFiN

CR1CDPr COMN

PS2: LI Cd~

W T2L: LDE %? DC. PSTO II
SHEC ELDENC:E

ANDEP ;OPEilt~N

IFPGA7LI A .Z R:

LI .PIA, SEND2 SZ^ D WDMAN
CW23 ~ I c LC iTR&T

LIc APB, SEND DIRETIO

~AIT2:LI AIPIC
CCK TPEE ENCOE

JR PJ.WAT

AN 21 rZM 1
ALC N.CC2 CCW C..
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SZZ Lr A.* .
0 CN : .I

LEpPlA !r P E

LD AI
Lr (P IT), SEN DIRCTIO

WAT3 Lr A.?I)CEETEECZ-

AND Z*.4'

jp NZWAI.

jp STA4.'

Lr A..ZEE
KC, ~ COMLEEN

(PPA~. EDSEDC~
LD A.H

4. ~~CL (PP!) SNDDIETIO
irD A.(PC ECETEEClP

AND EL
JP N.WITA7 EG CII II

SEC Ell(OS I UO OSTO
AND M.S; CPEER COMAND

LD A. ZDSH

CpL CCrPEME

Lr (PPA )kSN SPE W1 r
LO A,L .*

LD L.A )..SNDDRETO

.T . POS4A:
STTZ .r DE.L (PCS

L; H5.75E1? DEG. LCITIO II

AND A SP PE 3AD~
SE 3.3DEE .

STAPT: it A. PPECECHH E~C-
CONT4: LZ H.1 CA

AND (PIA)A ; N PUSPEE CO-C AAN l4

iD A,H
AND (PPP. SED? DCTION

CA4: L." k,.(PI';CE!TEECD

STRTD: LD IZ A Z S

ANDAd



ap~~I Z N .

AND

PST:LB AL.(BIRB) 15DSTo

*AND A ;CLEAR FLAGS
SEC HL,EC ;COMPARE THE POSITIN
ITP P.PCSS=A
LB
CPI, C CMP LEMENT

LB A,L
CPL, CCMPLEMPI'
AED A.1
LB L.A

POS5A: LB '
LD E.L
LB L.IZE ; I EC. PCSITIICN LIMIT

SBC HL,DE
JP M .SEP5 ;SPEED CCMM.AND
LB A ZEE
JR ZONT5

-SEP5: LB
CONT!: L.1 cci=1

LB PIA, SEND SPEED CCM-MANr
LB A,H
LB (PPIE),A ;SEND DIRECTIONF

YAIT!: LB A,(PPIC) CHECK E ENCC!
AND 017
JP 4Z.IdAIT5
JP STARTZ

BCWA: I NC aC ;C-NTERCI-CK WISE =rTATIN
LB HL.(Pos) ; OAD POSITIONANC A CLA FLG*
SEC 4L.SC ;COMAREL Tr, SI
JF P,PCS3A CIPR 7 OII
L:) A,ff
CPL *co:MPLZXENT

L: A,L
CPL A, *CCPLEMENT

LB L.A
PO ~ L LL

L,' L.2.H 0 DE' . PC'S IB L:
L D d.0
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N .0/
* *~IN,

JR CONTS

SEP6: LD A.ZESEI
CONT -: LB Ell. Czw=i

LL (P P IAA ;SEND SPEED :O.' ANr

LD (PPIE),A ; SEND DIRECTION
WAITe: LD A.(PPIC) ; CRUXK TEE- ENCODER

AND 21H
J? NZ,WAIT5
JP START3 ; :o CHECK FOR ENcorER

NEGAT3: LD A.(DIRD)
AND 31H
JP NZCC'!B ; CCW=1 :1w=2

CW3B- DEC BC ;CLOCK WISE ROTATION
LD EL.CPOS) ;LOAD POSITION

SEC HL.SC ;COMPARE THE POSITIN
ip P ,POS7Ak
LD 

A,HCPL ;COMPLEMENT

LD Al,
CPL ;COMPLEMENT
ADD All ,

LD L.A
POS7A: LD DIE

LL' EL
LD L.10E 5.75 DEC. POSITION LIrIT

SEC ELIDE
JY M,SFP7 ;SPFrn COMMAND
12 A.ZDPR
JR CONT?

SFP 7 L2 AZ!83
CONT?: LI; H; C'd -

Lr (PP1A),A ;SEND SPEED COM14ANr

L" (PPIBI,A SEND DiREcT!:N
WAIT7: LZ .(PPIC) ;CFECK THE INCCZER

AND 313
JP NZ,'IAIT7
J? STARTZ

CC'd3B: INC BC COD7NER:LOCZ WISY ROTATION
LC r L.(PCS) LOAD POSITION
AND A CLEAR FLAGS
SEC EL.BC ;COMPARE r7E POSITIN
JP PPOSSA

CPL ;COIIPLEMENT
12 H.A

CPL CCMPLEMENT
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L. L.
POSEA: D ~

LD E I I
L: L .10 5 .75 021- PCSITICN !!m,17

JP? .SEP ~ SPEED CO-ANC
Lr A ZDHi
JR ZONTS

Sp:LD ALZE=V
CONTa: LL HIZ cd=e

L:C (PP IA),A ,SEND SPEED CCO ANCZ
LD A.2
LD (PPIB),A ,SEND DIRECTION

WAITS: LD A,(PPIC) CH.ECK THE ZNCOD!P.
AND 013
JP NZ.WkITs
JP STARTZ

P.EAC1: DB CR,LF,'#' WHICH ?ROGRAIM OOUL: !OU LIK7 TO UST '

HFAD2: :p CR,LF.' I - S!STEM CXLIRATIC' .~q ~ ~
HlEAD3: DB CR,LF. - 2- POSITION CCNTROL .RL '

*HEA D4 DB CR.LF.' ENTER TEE NUMBEP AND HIT THF ;=TRN CH 17,
* HEAr5: TE CRLF,' STSTFEl CA-lBa.T I ON PP.OGR~r. 'C~i.

HEADS: CS OHL! - IHEC' T3E CHECK POI4T C',,L,'
9BAD7: :B CR,LF. - - OU SEOULZ SEE -4.3E 7OLTS ',CR,!F, '$

HEADS: DB CP..LF. -- IF tCU DO NOT, kDJ7!T WITff 50Z ?)rT
FEAL9: D? C.,F - IF fOO AP.E DCNE HIT THE RE T'- RF,'!
i~E.A "'12: LE CLF, POSITIC'! CCMTP.CL PRCGRAO IR
HEAnli: r? CR,!E, ' -ENTER THE POSITITON IN COUNJTS -,~LS

HEA:12: 2 CP.LF. - AX.. 9 COUNTS (359.4 :Taz.E'.
3EArl3: DE CR.LF, - - 'ER :N rEREE MI~TS 212' Z.,E
HEAnll: D? CR.LF.' - HI THE RETURN CL.'
SPACE: DE RL.. .,L.-

CEl:: C .To 'INTER. THE- POSITION IN ZOUNTS 122'- L
^oUEZA: DE CR.LF. 'ZNT'!? T37TPETONR:.~
2UE2B: ZE :R.LY , 'Ct' 0 CCW~ = ' -

n OM:C CR.LF,"'40TOR AT THE ;IVEN POITI:N'C ~R ,LF .'
MRCR: :2 :RL,LE ROR 'PTYAG-A I N Cli L
COUN: :E CR,LE. ++ POSITION .~,.L,'

"M C Cp..LF, 'READ' TO SE-ND COUNT' .CR * i.E.t
R2: CE CR.LF, 'COUNT HAS SEN',R,L-F.7W

-a.9



S.I I.

~ETCH AR: LD A. ESTAT ~ ;;ET EPT I STATfJS
AND 2 ;IS A 'EARAC7ER FNT7-RE
JR Z,GET^ZHAR ;*'C, CRET AGAIN
Lr A.(zDkTA' ME, ',ET CTARACTER
LD 'CCAPJ'.A . ;STC'RE IN A

EL CT" A,(ESTAT' ;L;!T EPZIT STATUS
AND 1 ;IS EPI1 READY ?
JR ZECHD M1. CFEC! AGAIN
LB A , IX) ,LCAD MESSAGE
CP ,CHE! IrE LAST CEAP.ACTER
JP. Z, FI \1 LAST CHARACTER
LD (EDATk).A ;SEND CHARACTER
INC IX x NEXI CEARA.CTER
JR FocC *XMII NEXT C7ARACTER

FIN" RF,

RECALL: Lr A,(ESTAT' ;^,ET EPCI STATUS
AND I ;IS EPTI READT ?
JR Z,RT!CALL ;1!0. CHE-CK AGAIN

LU A.IX) *LAD ARACTE.
LD (2DATAk .A ;SEND CHARACTTR
RFT

Cpe:L2 BC,PNPRAD)

LC DE.(MPDAD)

mIJLT: SRL C
JR N C,.4 OIL
ADD 2LPUE'. 

-
NO0ADD: SLA E

DE 22
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